3 in the cytoplasm, but not in the flagellar compartment ( Fig. 1 C; asterisk) . 141
To analyze the functions of the four PIH proteins in zebrafish, we generated mutant alleles by 142 genome-editing with TALEN (pih1d1 and pih1d2) or CRISPR/Cas9 (ktu and twister) ( Fig. 1 B; Fig. S1 , C and D). 143
Immunoblot analysis confirmed that all mutations resulted in a null of each PIH protein (Fig. S1 E) . Since 7 homozygous mutants of each PIH gene were viable, we established homozygous mutant lines. These were used in 145 the following experiments. 146 147 pih1d1 -/-, twister -/-, and double mutant of pih1d2 -/-;ktu -/showed abnormal sperm motility 148
Ciliary functions of PIH genes were first examined by observing the motility of mutant spermatozoa using a 149 high-speed camera. Spermatozoa whose heads were attached to a coverslip were selected and subjected to the 150 analyses of beating frequencies and waveforms. In pih1d1 -/-, spermatozoa showed a slight reduction of beating 151 frequency ( Fig. 2 G) , and propagation of flagellar bending was disturbed, as slopes of shear angle curves changed 152 between traces ( Fig. 2 B' ; asterisk). In twister -/-, almost all spermatozoa were immotile, but a few were found to be 153 motile with decreased beating frequencies and severely disturbed waveforms (Fig. 2 E) . In pih1d2 -/and ktu -/-, a 154 significant difference was not observed in either beating frequencies or waveforms (Fig. 2 , C and D). We suspected 155 functional compensation of these two genes, and thus generated double mutants of pih1d2 -/-;ktu -/-. Double mutant 156 spermatozoa exhibited abnormal waveforms; motile in the proximal half, while immotile in the distal half ( Fig. 2 F) . 157
In the proximal region, beating frequency was about twice as high as that of wild type (Fig. 2 G) . This could be 158 caused by the reduction of sliding distance of DMTs, rather than the change of the sliding velocity of DMTs, 159 because the slopes of shear angle curves was decreased ( Fig. 2 F' ; dotted line), indicating that the bending of the 160 proximal flagella was smaller than that of wild type. We also analyzed the length of sperm flagella, but did not find 161 any significant differences between wild type and PIH gene mutants (Fig. S2 C) . 162
We then examined the motility of free swimming spermatozoa by CASA (computer-assisted sperm 163 analysis) modified for zebrafish (Wilson-Leedy and Ingermann, 2007) . In this analysis, traced paths of swimming 164 sperm heads were used to calculate sperm motility ( Fig. S2 B) . In all mutants, the ratios of motile (locomotive) 165 spermatozoa were significantly decreased, and no sperm in twister -/showed significant locomotion (Fig 2 H) . For 166 motile spermatozoa, swimming velocity did not change in pih1d1 -/-, pih1d2 -/-, and ktu -/-, but significantly decreased 167 in pih1d2 -/-;ktu -/- (Fig 2 I) . The beating frequencies of sperm heads were decreased in pih1d1 -/-, but increased in 168 8 pih1d2 -/-;ktu -/- (Fig 2 J) , which is consistent with To observe the ultrastructure of zebrafish axoneme, we applied cryo-ET to zebrafish spermatozoa. The axoneme of 172 zebrafish sperm had the characteristic 9+2 arrangement of DMTs surrounding central-pair microtubules (Fig. S3 A) . 173
To analyze the structure of DMTs in more detail, subtomographic averaging was applied using a 96-nm repeat of 174 DMT as one particle assuming nine-fold rotational symmetry of the axoneme. The averaged structure of zebrafish 175 DMT exhibited overall similarity to that of other organisms (Fig. 3 , C and D). Thus, based on the well-studied 176 structure of the Chlamydomonas axoneme (Bui et al., 2012) , we assigned the structures of OADs, seven types of 177 IADs, radial spokes (RSs), and nexin-dynein regulatory complex (N-DRC) in the zebrafish axoneme (Fig. 3, A and  178 B). 179
To address the evolutionary conservation and diversity of cilia/flagella, we compared the ultrastructure of 180 zebrafish axoneme to that of Chlamydomonas and human axonemes in more detail. Compared with 181
Chlamydomonas, zebrafish axoneme does not have OAD α-HCs, but has longer RS3 (Fig. 3, A 
Mutations of each PIH gene caused structural defects of different subtypes of axonemal dyneins 188
To gain structural insights into abnormal motility of mutant spermatozoa, we observed the structure of mutant 189 axonemes by cryo-ET and subtomographic averaging. Compared to wild type, mutant axonemes exhibited 190 structural defects of various types of axonemal dyneins (later summarized in Fig. 7 A) . While no significant 191 difference was observed in pih1d2 -/- (Fig. 3 G) , IAD c was missing in pih1d1 -/- (Fig. 3 F) . In ktu -/-, smaller IAD c 192 9 density was observed, suggesting that IAD c is partially missing in ktu -/spermatozoa ( Fig. 3 H) . In twister -/-, 193 reflecting severe motility defects, OADs and IAD c were missing and smaller IAD g and d were observed ( Fig. 3 
I). 194
Intriguingly, in pih1d2 -/-;ktu -/-, averaging of all DMT particles did not converge into one structure, thus tomograms 195 were classified as follows. We noticed that out of nine tomograms of axonemes, four axonemes had OADs but five 196 lacked OADs. Using this difference, we divided axonemes into two classes (+OAD and -OAD) and averaged, 197
respectively. The +OAD class possessed a full set of axonemal dyneins, except for a smaller IAD c, like the ktu -/-198 axoneme ( Fig. 3 J) . By contrast, the -OAD class lost not only OADs, but also IAD b, c, and e ( Fig. 3 K) . Although 199 we found structural defects of axonemal dyneins, no significant defect was observed in other DMT structures, such 200
as RSs, in all mutants we examined. 201
To correlate the structural defects of mutants with biochemical data, we performed immunoblot analysis 202 of axonemal dynein components ( Fig. 4 A) . We made specific antibodies against zebrafish Dnah8 (OAD γ-HC) and 203
Dnah2 (IAD f β-HC). Dnai1 is a component of OADs and is also known as IC1. Dnali1 is the orthologue of 204
Chlamydomonas p28, which is the subunit of three types of IADs: IAD a, c, and d (Piperno et al., 1990; Hom et al., 205 2011) . Consistent with the above structural analysis, Dnah8 and Dnai1 were missing from the axoneme of twister -/-206 ( Fig. 4 A; asterisks). In pih1d2 -/-;ktu -/-, the amount of Dnah8 and Dnai1 was decreased, possibly reflecting the 207 presence of the two types of DMT structures (+OAD and -OAD). Dnah2 was not affected in any mutants, and so 208 was the case of IAD f in the structural analysis. Dnali1 was slightly decreased in pih1d1 -/-, ktu -/-, and pih1d2 -/-;ktu -/-209 ( Fig. 4 A; filled circles), confirming the loss of IAD c (one of three IADs containing p28 in Chlamydomonas) in 210 these mutants. In twister -/-, the structural analysis revealed the loss of IAD c and d (two of three IADs containing 211 p28), and the amount of Dnali1 was strongly reduced. Interestingly, shifted bands of Dnai1 were observed in 212 pih1d1 -/and pih1d2 -/-( Fig. 4 A; open circles), indicating abnormal construction of OADs in these mutants. 213
However, the structure of OADs in these mutants appeared normal as far as our structural analysis showed at the 214 current resolution. Taken together, all biochemical results are largely consistent with our structural data. 215
From these results, we conclude that all PIH proteins are responsible for the assembly of specific 216 of averaged particles, the DMT structure of a proximal subtomogram possessed OADs and the densities of all IADs, 241 consistent with the structure of +OAD class (Fig. S4, B and D). On the other hand, the DMT structure of a distal 242 subtomogram lost OADs, IAD b, c, and e, which corresponds to -OAD class (Fig. S4 , C and E). Therefore, the 243 distribution of not only OADs but also IADs is different between the proximal and distal regions in pih1d2 -/-;ktu -/-244 spermatozoa. 245
246
Kupffer's vesicle cilia showed different ciliary phenotypes from sperm flagella 247
In humans, organ-specific compositions of OAD HCs were reported between sperm flagella and respiratory cilia 248 organ, Kupffer's vesicle, which is orthologous to the mammalian embryonic node. In Kupffer's vesicle, epithelial 251 cells project mono-cilia that have rotational motility to produce leftward fluid flow in the organ ( Fig 5, A and B) . 252
Like in the mouse node, this leftward flow is required for the determination of visceral asymmetry, and thus defects 253 of Kupffer's vesicle cilia cause abnormal left-right patterning of the fish (Essner et al., 2005) . 254
Mutations of each PIH gene caused abnormal motility of Kupffer's vesicle cilia. To describe ciliary 255 motility, we categorized motion patterns into three classes: rotating, irregular, and immotile (Fig. 5, C and D) . 256
Rotational frequencies were measured from rotating class cilia ( Fig. 5 E) . The resulting left-right patterning of 257 embryos was assessed by observing the direction of heart looping (normally rightward; Fig. 5 , F and G). In 258 pih1d1 -/-, rotational frequencies of cilia were significantly reduced, but almost all cilia were motile and the ratio of 259 heart-looping reversal was not largely affected. By contrast, in twister -/and pih1d2 -/-;ktu -/-, all cilia were immotile, 260 leading to complete randomization of their left-right patterning. In pih1d2 -/and ktu -/-, the proportions of rotating 261 class cilia were decreased to ~40% and ~15%, respectively, with reduced rotational frequencies, resulting in 262 significant levels of heart-looping defects ( Fig. 5 D) . Regarding the structure and localization of axonemal dyneins, 263 due to technical difficulties, we were unable to apply cryo-ET and immunohistochemistry with anti-dynein 264 antibodies to the axonemes of Kupffer's vesicle cilia. 265
Together with sperm analyses, we conclude that all PIH genes of zebrafish are essential for normal 266 motility of both sperm flagella and Kupffer's vesicle cilia. Intriguingly, however, in pih1d2 -/and ktu -/-, only 267
Kupffer's vesicle cilia showed motility defects, while sperm flagella beat normally, indicating that Pih1d2 and Ktu 268 have organ-specific functions. 269
270

Testis and Kupffer's vesicle showed different expression patterns of DNAH genes 271
The organ-specific phenotypes of PIH mutants could reflect organ-specific compositions of axonemal dyneins. To 272 address this, we performed whole-mount in situ hybridization of various DNAH genes. Zebrafish have three OAD 273 β-HC genes: dnah9, dnah9l, and dnah11, and two OAD γ-HC genes: dnah5 and dnah8. As for IAD, dnah2 is an 274 IAD f β-HC gene, and dnah3 and dnah7l are other IAD HC genes. 275
Zebrafish embryos and testes showed distinct expression patterns of DNAH genes ( Fig. 6 A) . When 276 comparing Kupffer's vesicle and testis, dnah11 expression was specifically detected in Kupffer's vesicle, while 277 dnah8 and dnah3 were specifically detected in testis ( Fig. 6 B) . At the embryonic stages, dnah9l and dnah8 were 278 detected only in the otic vesicle and the pronephric duct, respectively, which also suggested specific combinations 279 of DNAH genes in these organs. These results indicate that components of axonemal dyneins are indeed 280 organ-specific. Intriguingly, however, Kupffer's vesicle and floor plate, whose cilia exhibit similar rotational In the process of ciliary construction, the PIH protein family has been implicated in the preassembly of different 291 subsets of axonemal dyneins, but thus far there has been insufficient evidence to support this idea. We performed 292 the systematic analysis of all PIH proteins using zebrafish, and demonstrated that all of vertebrate PIH proteins 293 (including two novel ciliary factors: Pih1d1 and Pih1d2) are required for cilia/flagella motions and the assembly of 294 axonemal dyneins. Each PIH protein was responsible for the construction of different subsets of axonemal dyneins, 295
suggesting the cytoplasmic assembly pathways for different axonemal dyneins through distinct PIH proteins. is expressed in various ciliary organs including testis in mice, but is not able to rescue the loss of Pih1d3 in testis. 340
Therefore, PIH proteins tend to be functionally diverse and sometimes interchangeable, even though they stay in 341 the category of DNAAFs. 342 343
Sperm axoneme of pih1d2 -/-;ktu -/exhibited distal-specific loss of axonemal dyneins 344
In pih1d2 -/-;ktu -/spermatozoa, OAD, IAD b, c, and e were missing only from the distal region of the flagella. One 345 possible explanation for this phenotype is that the lack of both PIH1d2 and Ktu causes decreased efficiency of 346 axonemal dynein assembly, leading to a shortage of dyneins to be loaded in the distal axoneme. Actually, the 347 axoneme is known to continue elongating by adding flagellar components to its distal end during ciliogenesis 348 
Different compositions of axonemal dyneins between testis and Kupffer's vesicle 362
Expression analysis of DNAH genes suggested that the composition of axonemal dyneins differed between sperm 363 flagella and Kupffer's vesicle cilia. In sperm flagella, Dnah9/Dnah8-containing OADs could be majority as 364 discussed above, while in Kupffer's vesicle cilia, the axonemes seem to be constituted of Dnah9/Dnah5-containing 365
OADs and/or Dnah11/Dnah5-containing OADs (Fig. 7 D) . We also found that dnah3 (IAD HC gene) are differently 366 expressed between testis and Kupffer's vesicle ( Fig. 6 B) . Given that all PIH proteins are expressed in the two 367 organs, phenotypic differences between pih1d2 -/and ktu -/can be accounted for by the different compositions of 368 axonemal dyneins. It is tempting to speculate that the dynein compositions are varies depending on the pattern of 369 ciliary beating, as cilia and flagella of the two organs exhibit the different mode of movement, planar oscillation for 370 sperm flagella and rotation for Kupffer's vesicle cilia.
1
Materials and Methods 1 2
Zebrafish maintenance 3
Zebrafish were maintained at 28.5°C on a 13.5/10.5 hours light/dark cycle. Embryos and larvae were raised at the 4 same temperature in 1/3 Ringer's solution (39 mM NaCl, 0.97 mM KCl, 1.8 mM CaCl 2 , and 1.7 mM HEPES, pH 5 7.2). Developmental stages of embryos and larvae are described according to hpf at 28.5°C and the morphological 6 criteria by Kimmel et al. (1995) . For embryos used in whole-mount in situ hybridization, 200 μM 7 1-phenyl-2-thiourea was added to 1/3 Ringer's solution to delay pigmentation. All experimental procedures and 8 animal care were done according to the animal-experimentation manual from the office for life science research 9 ethics of the University of Tokyo. NaHCO 3 ). For the fractionation of sperm head and flagella, spermatozoa were passed through a 26 gauge needle 20 36 times in Hank's buffer with 2 mg/ml BSA, and the separated heads and flagella were collected by centrifugation 37 (head: 400 g, 3 min; flagella: 9000 g, 3 min). For purification of sperm axonemes, sperm heads and membranes 38 were removed by adding 2% Nonidet P-40 to Hank's buffer, and demembranated axonemes were collected by 39 centrifugation (10000 g, 3 min), then resuspended in HMDEKAc buffer (30 mM HEPES at pH 7.2, 5 mM MgSO 4 , 40 1 mM dithiothreitol, 1 mM EGTA, and 50 mM CH 3 COOK). 41 42
Sperm motility analyses 43
To observe proper motility, spermatozoa were kept on wet ice until analyzed, and used within 1 hour of sperm 44 collection. Zebrafish spermatozoa were inactive in Hank's buffer, but were activated by adding abundant amount of 45 1/5× Hank's buffer. Sperm motilities were observed under bright-field conditions using an inverted microscope 46 (DMI6000B; Leica) and a high-speed camera (HAS-L1; Detect). For waveform analysis, spermatozoa whose heads 47 were attached to the coverslip were selected and waveforms of flagella were filmed at 1000 fps. On the other hand, 48
for CASA, 2 mg/ml of BSA was added to buffers to prevent sperm from attaching to the glass and free swimming 49 spermatozoa were filmed at 200 fps. CASA modified for zebrafish was performed as previously reported 50 
Cryo-preparation of zebrafish sperm axoneme 55
Purified sperm axoneme were incubated with anti-α-tubulin antibody (1:10000 dilution; T9026; Sigma) for 15 min 56 at 4°C in HMDEKAc buffer, and then with anti-mouse antibody conjugated with 15 nm colloidal gold (final 1:50 57 dilution; EM.GMHL15; BBInternational) and 15 nm colloidal gold conjugated with BSA (final 1:5 dilution; 58 215.133; Aurion) were added. Holey carbon grids were glow discharged before use to make them hydrophilic. 5 μl 59 of axoneme solution was loaded onto the grid, and then excess liquid was blotted away with filter paper to make a 60 thin film of the solution. Immediately after, the grid was plunged into liquid ethane at −180°C for a rapid freeze of 61 the solution. Blotting and freezing were automatically performed by an automated plunge-freezing device (EM GP; 62 Leica). Cryo-prepared grids were stored in liquid nitrogen until observation using the electron microscope. washing out excess sperm, attached spermatozoa were briefly demembranated using 1% Nonidet P-40 for 2 min. 83
Specimens were fixed with 2% paraformaldehyde/Hank's buffer for 10 min at room temperature, followed by 84 treatment with cold acetone and methanol (-20°C). After rehydration with PBST (phosphate buffered saline 85 containing 0.1% Tween-20), specimens were treated with blocking buffer (2% normal goat serum, 1% cold fish 86 gelatin in PBST). Immunostaining was performed with anti-acetylated tubulin antibody (1:500 dilution; T6793; 87 Sigma) and anti-Dnah8 antibody (1:50 dilution; generated in this study) as primary antibodies. Alexa Fluor 488 88 Donkey anti-mouse IgG (1:250 dilution; ab150105; Abcam) and Alexa Fluor 555 Donkey anti-rabbit IgG (1:250 89 dilution; ab150074; Abcam) were used as secondary antibodies with 2.5 μg/ml DAPI (Wako) for nuclear staining. 90
Specimens were mounted with Fluoro-KEEPER Antifade Reagent (Nacalai tesque) and observed with a 91 fluorescence microscope (BX60; Olympus) and a CCD camera (ORCA-R2; Hamamatsu). 92 93
Kupffer's vesicle cilia analysis 94
Embryos developing Kupffer's vesicle were selected at 12 hpf and dechrionated before observations. To align the 95 orientations, embryos were embedded in 0.8% of low gelling temperature agarose (Sigma) with 1/3 Ringer's 96 solution. Motility of Kupffer's vesicle cilia were observed under the bright-field conditions using an inverted 97 microscope (DMI6000B; Leica) and a high-speed camera (HAS-L1; Detect) at 1000 fps. 98
99
RNA probe synthesis 100
The sequences of zebrafish PIH genes and DNAH genes were subcloned into pCRII-TOPO plasmid (Invitrogen). 101
From the constructed plasmids, RNA probes were synthesized using SP6 or T7 RNA polymerase (Roche) with DIG 102 RNA Labeling Mix (Roche). RNAs were purified using RNeasy Mini Kit (Qiagen). Sequences of primers used in 103 the construction of plasmids are summarized in Table S1 . polypeptide were raised by immunization of rabbits. Antibodies were affinity purified from serum by the antigens 128 5 before use. Sequences of the primers used in the antigen production are summarized in Table S1 . Other antibodies 129 used are as follows: anti-Dnai1 antibody (GTX109719; GeneTex), anti-Dnali1 antibody (anti-p28 antibody; 130
LeDizet and Piperno, 1995), anti-α-tubulin antibody (T9026; Sigma), and anti-acetylated tubulin antibody (T6793; 131 Sigma). 132 133
Immunoblot analysis 134
Proteins were separated by SDS-PAGE in 5-20% gradient polyacrylamide gels (Nacalai Tesque) and transferred 135 onto polyvinylidene difluoride (PVDF) membranes (Millipore). After blocking with 5% skim milk (Nacalai 
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